ABSTRACT: Coral bleaching events (BEs) are occurring in coral reefs worldwide and are expected to become annual, triggered by seasonal changes in water temperature. The stony coral Oculina patagonica experiences repeated seasonal BEs along the Israeli Mediterranean coast. It thus constitutes a good model for assessing the potential effects of expected repeated BEs on coral physiology. Previous studies have shown that the overlap between bleaching and reproduction seasons in O. patagonica impedes gametogenesis. In the present study, we assessed the effect of bleaching on gametogenesis of populations commonly undergoing repeated seasonal BEs, and compared it with the effect of first and second summer BEs on gametogenesis of a population that has not experienced a summer BE in recent years. Interestingly, we found no differences between bleached and non-bleached colonies in most of the reproductive parameters tested in populations undergoing repeated seasonal BEs. We did find, however, that a population that experienced a summer BE for the first time presented significantly lower reproductive parameters in bleached colonies when compared to non-bleached colonies. Furthermore, in the following year, such bleached colonies showed an improvement in reproductive performance when compared to the previous year. The remarkable differences in gametogenesis between colonies experiencing first summer BE and those experiencing repeated seasonal BEs may be the result of improved utilization of alternative energy sources. This study provides the first evidence for notable gametogenesis in corals undergoing repeated bleaching, and suggests that adjustment processes may increase tolerance levels and may play a role in the ability of corals to overcome the expected repeated BEs.
INTRODUCTION
Coral bleaching is occurring on coral reefs worldwide and has been found to strongly correlate with episodes of high sea-surface temperature , Oliver et al. 2009 ). Because of the expected warming of the ocean, by the year 2050 bleaching events (BEs) are expected to increase in frequency until they become annual in most oceans, triggered by seasonal changes in water temperature (Hoegh-Guldberg 1999 , Donner et al. 2005 ).
Bleaching may be caused by a range of stressors, including thermal stress (Goreau & Hayes 1994) , high UV radiation (Gleason & Wellington 1993) , reduced salinity (Goreau 1964 , van Woesik et al. 1995 , and bacterial infection (Kushmaro et al. 1997) , as well as combinations of different stressors (Brown et al. 1995) . The loss of zooxanthellae may restrict nutritional acquisition by the coral host, as the zooxanthellae provide most of the coral's daily energetic requirements via translocation of their photosynthates (Muscatine et al. 1984 , Davies 1991 . Consequently, bleaching often results in reduced tissue lipid and protein content (e.g. Fitt et al. 1993) , reduced calcification and growth (e.g. Suzuki et al. 2003) , increased susceptibility to disease (e.g. Harvell et al. 1999) , and increased mortality (e.g. Glynn 1996 ). In addition, bleaching also results in decreased reproductive capacity by interfering with gametogenesis and spawning (reviewed by Coles & Brown 2003) .
Previous studies have shown that in some species a decrease in coral fecundity occurred during bleaching (Szmant & Gassman 1990 , Ward et al. 2000 , while in other species such decrease was documented only after the symptoms of bleaching had ended (e.g. Omori et al. 2001 ). An extreme example of such a case is revealed in the significant reductions in fecundity that were measured 2 yr after a BE, both in the natural population of the stony coral Montastrea annularis (Mendes & Woodley 2002) , and in an experiment in which bleaching was induced in the soft coral Lobophytum compactum (Michalek-Wagner & Willis 2001) . Moreover, the rate and degree of improvement in reproductive performance was found to be affected by bleaching duration and severity. Corals achieved their initial reproductive capabilities faster when the bleaching severity was lower (Michalek-Wagner & Willis 2001 , Mendes & Woodley 2002 ) and the duration was shorter (Szmant & Gassman 1990) . Coral reproductive success is an essential factor in coral reef survival since it affects the number of propagules available for the renewal of a reef. The potential impact of bleaching on coral reproduction has serious long-term implications, especially if BE frequencies exceed the frequency at which corals can recover from these events and fecundity remains depressed for long periods (Szmant & Gassman 1990 , Van Veghel & Bak 1994 , Ward 1995 .
Nevertheless, some corals are less susceptible to bleaching and are able to survive and recover from BEs (Brown & Suharsono 1990 , Jokiel & Coles 1990 , Marshall & Baird 2000 , Jokiel & Brown 2004 . The susceptibility to bleaching often differs among reef areas, coral individuals, populations, species, and higher taxa (Berkelmans & Oliver 1999 ). For example, Grottoli et al. (2006) showed that the Hawaiian coral Montipora capitata recovered from bleaching by changing its feeding strategy and depending on energy resources (Grottoli et al. 2006) . Following that study, Cox (2007) examined various reproductive parameters in M. capitata but did not find significant differences between colonies that had experienced a single BE during the previous year and those that had not.
The stony coral Oculina patagonica undergoes repeated seasonal BEs in most locations along the Mediterranean coast of Israel (Fine & Loya 2004 , Segal 2006 . Every summer since 1993, when the water temperature approaches its seasonal peak, ca. 80% of the colonies undergo bleaching (Kushmaro et al. 1998 , Israely et al. 2001 , Fine & Loya 2003 . When the water temperature drops, most of the colonies regain their symbiotic algae and recover (Shenkar et al. 2005) . O. patagonica is a gonochoric coral, in which female and male gonads appear in May and July (respectively) and reach maturity by late August. Spawning takes place during 2 consecutive full-moon nights in September (Fine et al. 2001) . Fine et al. (2001) examined the reproductive capabilities of bleached and non-bleached colonies between 1994 and 1999 and found no gonads in bleached colonies. Thus, they suggested that this overlap of the bleaching and reproductive periods severely impacted reproduction in O. patagonica populations.
Repeated seasonal BEs (i.e. BEs that occur annually, triggered by seasonal changes in water temperature and followed by the recovery of the bleached colonies) are still fairly uncommon in coral reef systems, making their effect on coral reproduction largely unknown. To date, studies that assessed the effect of bleaching on coral reproduction have examined the abilities of corals to recover from a single BE. The fact that Oculina patagonica has been undergoing repeated seasonal BEs for more than a decade (Fine & Loya 2004) and that these BEs overlap temporally with gametogenesis (Fine et al. 2001) provided us with an opportunity to use this coral as a model for studying the effects of repeated seasonal BEs on coral reproduction. In the present study, we assessed the effect of repeated seasonal BEs on gametogenesis of O. patagonica populations during 3 bleaching seasons (2004 to 2006) and compared it with the effect of first and second summer BEs on gametogenesis of a population that had not experienced a summer BE in recent years.
MATERIALS AND METHODS
Study sites and sample collection. The study was carried out at 3 sites along 140 km of the Mediterranean coast of Israel (33°05' N, 35°06' E in the north to 31°40' N, 34°32' E in the south): Achziv (AC), SdotYam (SY), and Palmahim (PA) (Fig. 1) Fine et al. 2001 Fine et al. ) in 2004 Fine et al. , 2005 Fine et al. , and 2006 . During the surveys of 2004, no bleached colonies were found in Site AC and, thus, only non-bleached colonies were sampled. In addition, in order to present the water temperature seasonality along the Mediterranean coast of Israel and the water temperature amplitude between summer and winter, seawater temperature (presented as monthly means) was measured between May 2004 and December 2005, with ± 0.2°C accuracy using an Onset Stow Away data-logger placed at Site SY at a depth of 1.5 m (sampling once every hour).
Bleaching survey. At each site, a defined area of 250 m 2 at a depth of 1 to 3 m was extensively examined using SCUBA. All the colonies (ranging between 40 and 70 individuals) in the area were photographed using a digital camera (Sony DSC P-9). In the laboratory, bleaching severity (i.e. percentage of bleached surface area) of each colony's photograph was measured using the INSPECTOR 2.1 (Matrox Electronic Systems) program. The prevalence (i.e. percentage of bleached colonies) was calculated by counting the number of bleached colonies, then dividing this by the total number of colonies that were observed in the study area. In order to avoid counting colonies that had suffered from physical damage (such as fish bites) as bleached colonies, a colony was scored as 'bleached' only if its bleached surface area was > 5%.
Gametogenesis. Gametogenesis was estimated histologically. Using a corer, 10 bleached and 10 nonbleached colonies were sampled (ca. 10 polyps colony -1 ) from each site. A colony was considered 'bleached' or 'non-bleached' only if bleaching severity was 100% or 0% (respectively) (Fig. 2) ; partially bleached colonies were not sampled. The samples were fixed in a solution of 4% formaldehyde in seawater for 24 h, rinsed in fresh seawater and preserved in 70% ethanol. Decalcification was carried out using a solution of formic acid and sodium citrate (following Rinkevich & Loya 1979) . Following decalcification, the tissue was rinsed in fresh water and transferred into 70% ethanol. The tissue was dehydrated in graded ethanol solutions, embedded in paraffin (using a Citadel embedding apparatus), sectioned, and mounted on glass slides. Following deparaffination, the cross-sections were stained with hematoxylin and eosin, and examined under a light microscope.
The number and developmental state of the gonads were assessed in the lower mid-section of each polyp. In female colonies, the percentage of polyps with gonads (fertile polyps) and the mean number of oocytes per polyp were recorded. In addition, for each sample we assessed the mean diameter of mature oocytes in 3 randomly chosen polyps that contained at least 10 oocytes with a visible germinal vesicle. In male colonies, we assessed the percentage of polyps with gonads (testes), the average number of testes per polyp, and the percentage of developed testes. Testes were defined as developed when the spermatozoa were characterized by developed flagellae and condensed cytoplasm and nuclear chromatin. The number of replicates (see Table 1 ) was dictated by the sex ratio of female and male colonies in the samples (which varied between 3:7, 4:6, and 5:5). In estimating the percentage of polyps with gonads (fertile polyps), the results were presented for female and male colonies together. In addition, because of technical problems in the sections preparation, not all reproductive parameters could be obtained from all the samples. Statistical analyses. All statistical analyses were carried out using Statistica 8 and SPSS 12.0.1 statistical software. Arcsine transformations were obtained for all parameters collected as percentages. The data were tested for normality (Kolmogorov-Smirnov test) and homogeneity of variances (Levene's test) before comparisons. For parametric data, differences were tested using 1-way and 2-way ANOVA and a Tukey HSD test for unequal sample size was used for post hoc comparisons. For nonparametric data, we used the parallel Mann-Whitney and Kruskal-Wallis tests. Pearson's correlation test was used to determine the strength of the relationships between monthly mean water temperatures (calculated from data measured at Site SY) and bleaching prevalence and severity of the coral population at Site SY. Comparison of bleaching prevalence and severity between Sites SY and PA was estimated using the Mann-Whitney test and paired t-test (respectively). Results are presented as mean ± SE throughout.
RESULTS

Temporal pattern of bleaching
At Site SY, a seasonal pattern of bleaching was observed between May 2004 and December 2005. Two BEs were documented over the 20 mo survey (Fig. 3) . Bleaching severity was found to be strongly associated with water temperature ( Fig. 3A ; R 2 = 0.844, p < 0.001). However, bleaching prevalence showed a weak association with water temperature ( Fig. 3B; 
Gametogenesis in populations undergoing bleaching
Examination of the histological crosssections unexpectedly showed that bleached colonies in most cases exhibited notable gametogenesis, similarly to the non-bleached colonies at Sites SY and PA. In most comparisons of reproductive parameters between bleached and non-bleached colonies, we found insignificant differences. Number of oocytes per polyp and mean oocyte diameter did not differ at all between bleached and non-bleached colonies (Table 1 ; see also histological sections of non-bleached colonies in Fig. 4 versus bleached colonies in Fig. 5A,B Fig. 5C,D) . Comparisons between bleached colonies from Site AC and bleached colonies from Sites SY and PA (the 2 populations undergoing repeated seasonal BEs) sampled in 2005 showed that at Site AC, coral gonads were significantly less developed; their oocytes were smaller in diameter (p = 0.005 and p = 0.017 compared to Sites SY and PA, respectively); and the percentage of developed testes was lower (p = 0.005 and p = 0.001, respectively). In addition, the percentage of polyps with gonads in bleached colonies from Site AC was significantly lower than those from Site SY (p = 0.0002).
During the summer of 2006, the population at Site AC bleached again. Bleached and non-bleached colonies were sampled and their reproductive parameters were examined. We found that reproductive performance had improved in bleached colonies from Site AC when compared with the previous year (e.g. Table 1 ).
DISCUSSION
Temporal pattern of bleaching and population resistance and tolerance
The seasonal patterns of bleaching found at Sites SY and PA correspond with previous studies that reported that most populations of Oculina patagonica along the Israeli coast commonly undergo repeated seasonal BEs. This similarity is evident in the duration of the bleaching episodes (June until March), their maximal severity (ca. 40 to 65%), and prevalence (ca. 80%; Kushmaro et al. 1998 , Israely et al. 2001 , Fine & Loya 2003 , Shenkar et al. 2005 , Segal 2006 ). Despite the repeated BEs, which have been documented since 1993 (Fine & Loya 2004) , these populations are known to survive and recover. Moreover, it was found that the colonies regain their pre-bleaching zooxanthella density during the winter and prior to the following BE (Shenkar et al. 2006) . At Site AC, a different temporal , it is most likely that an environmental stressor other than elevated temperature was responsible for this BE. However, the cause of this winter BE is unknown. Following this anomalous winter BE, the population at Site AC experienced 2 consecutive summer BEs concomitantly with the reproductive seasons in the summers of 2005 and 2006. The level of coral susceptibility to bleaching can be defined according to 2 useful terms: 'resistance' and 'tolerance'. Corals with low resistance are those that show a high predilection to bleach under a given thermal stress; corals with high tolerance to bleaching are those that show low mortality percentages under the same stress (Obura 2005) . Following these concepts, Oculina patagonica populations from Sites SY and PA have low resistance to bleaching, as they commonly undergo repeated seasonal BEs, but show high tolerance to bleaching since they also recover. Indeed, colonies from these sites have not only survived repeated BEs, but have also managed to successfully undergo a highly energetically costly process: gametogenesis.
Gametogenesis and adjustment to bleaching
We found that colonies of Oculina patagonica from Sites SY and PA that commonly undergo repeated seasonal BEs contained, in most cases, well-developed gonads throughout the 3 consecutive reproduction seasons (2004 to 2006; Table 1 , Fig. 5A,B) . These findings contradict those of a number of previous studies, which emphasized the detrimental impact of bleaching on coral reproduction in various coral species, including Montastrea annularis (Szmant & Gassman 1990 , Mendes & Woodley 2002 , Acropora sp. (Omori et al. 2001) , Lobophytum compactum (Michalek-Wagner & Willis 2001), and O. patagonica (Lubinevsky 2000 , Fine et al. 2001 . Specifically, in O. patagonica, Fine et al. (2001) reported that no gonads were found in bleached colonies sampled from a variety of sites (including SY) during 5 reproductive seasons between 1994 and 1999.
The dramatic differences found in the reproductive efforts of bleached colonies from SY and PA between 1994 and 1999 (Fine et al. 2001 ) and 2004 to 2006 (present study) may be the expression of physiological adjustment to bleaching. Colonies commonly undergoing repeated BEs may have become adjusted to the reduced supply of photoassimilates from their symbiotic algae and hence developed greater tolerance. Consequently, they may exploit alternative energy sources during the bleaching period. These findings suggest that adjustment processes acting during short temporal windows may actually constitute useful mechanisms for overcoming the expected repeated seasonal BEs.
It is important to note that during the period 1994 to 1999, the bleached colonies suffered additive effects, including both nutritional restriction (due to bleaching; , Fine & Loya 2003 and bacterial infection (by Vibrio shiloi, the causative agent of bleaching; Kushmaro et al. 1998 , Ben-Haim et al. 1999 , which may have directly affected gametogenesis. Since 2004, V. shiloi has no longer been detected in bleached Oculina patagonica colonies (Reshef et al. 2006) . Although there is no evidence for a direct effect of the bacterium on the coral's reproductive development, the disappearance of V. shiloi may have played a role in the adjustment process leading to successful gametogenesis.
Unlike colonies from Sites SY and PA that commonly undergo repeated seasonal BEs, colonies from Site AC experienced their first summer BE in 2005 (after at least 4 yr without summer bleaching) and concurrently showed reduced reproductive effort. The most likely explanation for the considerable decrease in fecundity of these colonies may be that of physiological stress and a reduction in the coral's energetic reservoirs, as has been reported to occur in other corals (Szmant & Gassman 1990 , Michalek-Wagner & Willis 2001 , Mendes & Woodley 2002 
Suggestions for alternative energy resources
Corals may be capable of acclimatization and selective adaptation to elevated temperatures that may result in bleaching-resistant coral populations (see review by Coles & Brown 2003) . In the case of Oculina patagonica, adjustment of bleached colonies to bleaching most probably involves the exploitation of alternative energy resources in order to supply the coral with enough energy for gonadal development. There are several possible mechanisms that may explain the observed changes in reproductive capabilities of bleached colonies:
(1) Bleached Oculina patagonica colonies may rely on their winter energy reservoirs for their summer energetic demand. Shenkar et al. (2006) found that during the winter, O. patagonica had comparatively high algal densities that reached a maximum of 8.8 × 10 6 ± 1.8 × 10 6 cells cm 2 . It is possible that the corals can store some portion of the zooxanthellae photoassimilates during the winter and use them during the summer for gonadal development. In addition, since growth is greatly reduced during the summer (Shenkar et al. 2005) , the available energy may be utilized instead for reproductive activities.
(2) An additional possibility is that the coral tissue itself and its symbiotic algae may provide extra energetic input via catabolic processes. Reduced biomass of bleached colonies compared with non-bleached colonies (50% less tissue per surface area; data not shown) may indicate that the colonies catabolize their tissue in order to maintain metabolic activities such as gametogenesis (Szmant & Gassman 1990 , Mendes & Woodley 2002 . Indeed, Downs et al. (2009) showed that corals digest their zooxanthellae via the autophagic pathway, a pathway known to recycle cellular components during periods of high irradiance and temperature.
(3) Endolithic algae reported in Oculina patagonica skeleton and in contact with the coral tissues may act as an additional external, alternative source of energy . These endolithic algae receive increased photosynthetically active radiation during BEs, when the coral tissue is transparent. Thus, during these periods, the endolithic algae may produce more photoassimilates, which are translocated to the corals. suggested that this source of energy is insufficient for gametogenesis in the host coral, since no gonads were found in bleached colonies during the period 1994 to 1999 (Fine et al. 2001) . However, it is possible that the ability of the corals to utilize the photoassimilates derived from the endolithic community may have been improved in subsequent years, thus allowing gonad development.
(4) The corals may have changed their feeding strategy and relied more on an external source of heterotrophic carbon. It has been shown that heterotrophic carbon can become a significant energy source for corals when photosynthetic carbon is unavailable, as occurs during BEs, in deep and/or turbid waters (Anthony 2000 , Palardy et al. 2005 , Houlbrèque & Ferrier-Pagès 2009 ). An example of this is the Hawaiian coral Montipora capitata, which recovers from bleaching by changing its feeding strategy. Grottoli et al. (2006) showed that when zooplankton are available, bleached M. capitata colonies may acquire large quantities of heterotrophic carbon (more than 5-fold higher than non-bleached colonies) and are thus not dependent on photoassimilates in order to recover energy reserves. We consider this as the most likely mechanism, since Oculina patagonica is a facultative symbiotic species capable of heterotrophic feeding (there are abundant azooxanthellate colonies of O. patagonica that inhabit dark caves; Lubinevsky 2000), and a large amount of energy required for gametogenesis can be acquired in this way.
It is also possible that no one mechanism is involved but that a combination of these processes occurs.
Oculina patagonica: an exclusive case study or a predictor
Oculina patagonica is known to grow under highly variable conditions. It inhabits shallow pools where the temperature can reach 41°C and salinity can fluctuate between 28 and 50 ‰ (Rosenberg & Falkovitz 2004) . Similarly to O. patagonica, other coral species that were found inhabiting extreme environments exhibit high resistance and/or high tolerance to bleaching (e.g. high seawater temperatures; Gardiner 1903 , Vaughan 1914 , Orr & Moorhouse 1933 , Motoda 1940 , Meesters & Bak 1993 , Tomascik et al. 1997 . For example, Kinsman (1964) found massive nonbleached colonies of Porites sp. in water temperature of > 40°C in the Arabian Gulf, and Craig et al. (2001) found 52 coral species that survived maximum daily temperatures of 34.5°C for 35 d with virtually no bleaching. There is increasing evidence that O. patagonica is not an exclusive case. For example, there is evidence for resistance and recovery from bleaching through acclimatization processes in a variety of corals that experienced stress conditions, such as solar bleaching in Goniastrea aspera (Brown et al. 2000 (Brown et al. , 2002 and thermal stress in Montipora verrucosa (Coles & Jokiel 1978) . In contrast, HoeghGuldberg (1999) noted that most information suggests that the capacity for acclimatization by corals has already been reached, and that future adaptation will be too slow to prevent the predicted decline in coral reef populations.
Our findings suggest that coral species with a high tolerance to bleaching may overcome some energetic barriers to reproduction and complete gametogenesis during periods of repeated seasonal BEs. These species could become the dominant coral species on reefs and may help to prevent the loss of coral cover and phase shifts from a coral to an algae-dominated community. 
